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Abstract 
Results of experimental studies of nano-sized refractory compounds impact on structural and mechanical characteristics of a joint 
obtained by CO2 laser welding of metal plates are presented. Introduction of small quantity of specially prepared refractory 
nanoparticles with size less than 100 nm is shown to impact the alloy crystallization process, form fine-dispersed globular 
structure at its solidification. This results in increase of mechanical and operational properties of the weld seam. 
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Nomenclature 
W laser power  
V  welding speed 
Q shield gas flow rate   
į  relative extension 
ıB strength limit  
ı0.2  yield limit  
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1. Introduction 
Processes of laser welding of various materials were studied very actively [1, 2].  It was found that the 
effectiveness of heat utilization is much more effective at the laser welding than at the electric-arc process, and the 
strength of the weld does not differ much from the strength of the welded material. 
The task of production of high quality welding joints for metals and alloys is however a very complex challenge. 
The coarse-grain structure area adjoins directly to the welding joint. Its coarse structure is caused by material 
overheating up to the main metal melting point. The presence of crystals up to 60 Pm in length is an abundant sign 
of overheating. The welding joint area features the coarse-grain clearly oriented ferritic-cement structure with the 
Widemanstatten ferrite. Crystal length reaches 100…150 Pm. The low level of plastic properties is typical for this 
structure. In order to provide the high complex of mechanical properties, it is desirable to eliminate the 
Widemanstatten ferrite structure.  
A promising direction in the laser welding of materials is the combination of high-energy action and saturation of 
the surface layer with alloy and modifying admixtures, particularly nanopowder inoculators (NPI) which present 
nano-size refractory chemical compounds. In recent years, considerable interest to refractory ultra- and 
nanopowders has arisen owing to the possibility, upon corresponding processing, to use them as modifying 
admixtures, to increase the quality of steel and alloys [3 - 8]. 
Specially prepared refractory nanoparticles are introduced into the melt and form a disperse system in which a 
solid phase is a core of each particle; it heterogenizes the chemical composition of the liquid metal and causes the 
concentration overcooling within the volume of the layer absorbed on the particle surface. As a result, each particle 
becomes a potential nucleator for new phase (a crystal, intermetallic or chemical composition, etc.). Owing to this, a 
fine globular structure forms inside the melt during its cooling down. 
On the base of theoretical analysis and results of previous experimental welding tests with nanopowder 
inoculators, titanium nitride (TiN), yttrium oxide (Y2Ɉ3) were chosen as modifying compositions; they were 
produced by the plasma-chemical synthesis method in a metal matrix. Ceramic nanoparticles are not wetted by the 
melt and hence cannot be effective crystallization. Thus their surfaces must be covered with metal (clad). In this 
case, cladding was done via nanopowder processing in the centrifugal planetary mill AGO-3, the ratio of ceramic 
nanopowder and metal powder 1:3.  
Under these conditions, an important task is to relate technological parameters of the laser beam and phase 
content of the NPI, and the crystal structure and mechanical properties of metals and alloys before and after 
processing. 
2. Experimental procedure 
The equipment for welding  includes: the ɋɈ2 laser [9], the beam with plane polarization of 30 mm in diameter is 
focused by the ZnSe lens with the focal distance of 254 mm. Main experiments were performed at the laser power 
up to 3 kW, the thickness of the welded plates being up to 6 mm. To protect the lens, helium was supplied coaxially 
with the beam through the nozzle, the pressure was less than 1 atm. The angle of incidence on the welded metal is 
800. This angle was chosen from practical reasons: at bigger angles, part of the reflected radiation falls on the central 
nozzle, at smaller ones the melted metal flows out from the melting area. During the welding, the sample is located 
on the technological supporting plate which is purposed to hold the welded materials. There is a cavity of 10 mm 
width and 2 mm depth in the supporting plate; the shield gas (He) is supplied there to protect the weld root. The 
reflected beam is absorbed by a water-cooled screen. Welding was carried out in the protective medium of He. The 
shield gas was supplied through a side nozzle. Its flow rate was less than 60 l/min. The inclination angle of the side 
nozzle of 20 mm diameter to the welded plates surface was 400 – 450.  
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3. Results of experimental studies  
3.1. Titanium alloys welding 
To do this, a series of studies was carried out to understand the influence of the NPI on the quality of a titanium 
alloy VT1-0 weld (5.5% Al + 1.2% V + 0.8% Mo + 0.3% Zr + 0.3% Fe, other Ti, weight %). Refractory 
compounds: chromium-clad titanium nitride (TiN) and the mixture of TiN and yttrium oxide (Y2O3) were used as 
inoculating powder materials. The mass concentration of the modifying composition introduced into the weldpool 
was less than 0.1%. The prepared suspended composition was applied over the welded plates surface, their thickness 
being of 2 mm; laser beam power was of 2 kW, welding rate 2 m/min. It was found that the NPI is able to increase 
the welding rate at the same beam power due to the increased coefficient of laser beam absorption. The weld quality 
(weld morphology and structure) increased, too, its mechanical properties grew considerably, both with the first and 
second modifiers (see Fig. 1).  
 
 
                                a                                                                      b                                                                           c 
Fig. 1. Mechanical characteristics of the welding joint in ȼɌ1-0 alloy. (ɚ) relative extension į; (b) strength limit ıB ; (c) yield limit ı02 . With no 
nanopowders and with refractory nanopowder compositions (see annotations in the Figure). 
When the composition TiN + Cr was involved, the tensile strain į in the rupture strength test grew twice in 
comparison with the non-modified welding, whereas in the case of TiN + Y2O + Cr it grew 4.9 times; ıB – 1.23 
times and 1.35 times, the yield stress increased 1.8… 2 times. 
Under study was the influence of the high-melting nanopowders on the fatigue strength of the weld of the 
titanium alloy (VT20) (6.25% Al + 1.5% V + 1.25% Mo + 2.0% Zr + 0.25% Fe, other was Ti, weight %). Plate 
sizes: thickness 5 mm, width 5 ± 2 mm, length 100 ± 2 mm. The samples were welded within the laser beam power 
range W = 1.5…2.4 kW and welding rate (beam progress velocity) v = 0.8…1.2 m/min. Top and bottom plate 
surfaces in the welding area were protected from oxidation with a helium flow. The strength limit of the welding 
joint in VɌ20 alloy reached 1,050 ɆPɚ, i.e. at least 92 % from the main metal strength.  
Fig. 2 shows the photos of the test samples of welding joints in the plates of titanium alloy ȼɌ 1-0 after the break 
test. 
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Fig. 2. Samples of welding joints in titanium alloy ȼɌ 1-0 after break tests. (a) W = 2.1 kW, V = 2 m/min; (b) W = 2.1 kW, V = 1.8 m/min. 
The plates were of 3 mm thick. The nanopowder composition TiN(0,03%)+Y2O3(0,03%) +Ti+Fe (the ratio 
1:1:3) was used as a modifying admixture. The samples were obtained in two welding regimes: (a) – the welding 
speed was V = 2 m/min, laser power was W = 2.1 kW; focus deepening from the top surface of the metal was ǻl = - 
4 mm; helium was the shield gas of the welding joint; and (b) the welding speed was V = 1.8 m/min, the other 
parameters were the same as in 1. As is seen from the photos, the samples were broken not in the joint area but in 
the main metal which proves that the welding joint is quite strong. Fig. 3 presents the photos of weld sections 
without and with NPI. 
  
                            ɚ  
  
                            b 
Fig. 3. Weld morphology and structure (ɚ) without NPI; (b) with NPI (TiN + Cr). 
It is evident that the TiN+Cr NPI changes considerably the weld morphology and reduces the macrostructure of 
the solidified metal in the weld. The fatigue tests of the samples were carried out in a multi-purpose servohydraulic 
test bench «Instron 8810» equipped with a programming module of information gathering and processing 
«Wavematrix». The tests were carried out in a pulsating “soft” stress with the frequency of 5 Hz. During the tests, 
the stress varied from zero to 1,500 ɇ. Deformation amplitude was about 0.2…0.25 mm. During the tests, the time 
before the complete sample rupture was registered.  
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Table 1. Results of fatigue tests for VT 20. 
Sample 
number 
Type of material and welding mode 
Life time Ĳ before the 
rupture, min 
1 Alloy VɌ20 without weld 220.5 
2 Alloy VɌ20 without inocular                                    63,23 
3 Alloy VɌ20 with  inocular 129,6 
 
As it follows from the Table 1 (W = 3 kW, V = 0.8…1 m/min, Q = 60…65 l/min ), the fatigue strength of the 
NPI-modified welds is considerably (1.5…2 times) higher than the corresponding value at the welding without this 
nanomodifying agent. 
3.2. “Steel – steel” welding joint. Low-carbon steel.
The influence of the nanopowder TiC0,5N0,5 + Cr on the quality of the ɋɈ2 laser welding of sheet steel St20 was 
studied. The thickness of the welded plates was 3 mm. The suspended powder TiC0.5N0.5 + Cr was applied 
preliminary on the surface of welded plates edges. The welding was performed in a helium medium. Half-ready 
products were butt-jointed. The power of the ɋɈ2 laser was 3.05 kW, welding rate 1.7 m/min. 
The structures of the sections were studied under the electronic microscope. Figures 3 and 4 present the photos of 
the weld morphology and microstructure, respectively, without and with the inoculating admixture TiC0.5N0.5 + Fe. 
 
 
                                                          ɚ                                                              b 
Fig. 4. Weld morphology (ɚ) without NPI; (b) with NPI TiC0.5N0.5 + Fe. 
 
                                                        ɚ                                                                          b 
Fig. 5. Weld structure (ɚ) without NPI; (b) with NPI TiC0.5N0.5 + Fe. 
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It can be clearly seen how the nano-inocular has changed both the weld morphology and microstructure. The 
length of Widmanstatten ferrite in the weld without inoculator reaches 100…150 Pm, whereas in the inoculated 
weld these plates do not exceed 30…40 Pm. This surely proves that the NPI results in the weld structure refinement. 
To evaluate the weld quality, metallographic and fracture investigations were performed for the samples modified 
with TiC0.5N0.5 + Cu. The microhardness of the weld and adjacent heat-affected zone (HAZ) was studied; the tests 
on static tension and three-point impact failure with a V-type concentrator applied on the weld were performed. The 
structure of the weld produced by a laser beam has a coarse formation with large crystals (plate length reaches 600 
Pm) extended in the direction of heat transfer.  
ɚ b 
Fig. 6. Results of tests of the welds. (ɚ) tensile strength; (b) impact strength. 
The extension strain of the samples increased 1.5 times at the insignificant (3…4%) increase of the ultimate 
strength (Fig. 6ɚ). While testing the welds for the three-point impact failure, the inoculated welds demonstrated 
lower fracture values (Fig. 6 b ).  
The mean value of the base metal microhardness is 260 HV. Modification with TiN results in the increase of the 
weld hardness in the center on average from 560 to 580 HV. Upon the modification with Y2O3, the mean 
microhardness value decreases to 517 HV. Upon the complex modification with the mixture of Y2O3 and TiNi, the 
microhardness value was 530 HV. Hence, it is possible, by way of varying of the inocular chemical composition, to 
affect the plastic properties of the metal in the weld.  
3.3. Stainless steel. 
Fig. 7 shows the photos of the test (modified) and reference (unmodified) samples of the welding joints. Evident 
that the test samples were broken in the main metal area, whereas the reference sample which was welded without 
nanopowders, was broken in the thermal influence zone; it proves rather high strength of the laser joint. Table 2 
presents the results of the mechanical tests; the results were obtained at the static extension of flat steel samples 
(shown in Fig. 7) performed by the machine IR 5113-100. Here, the average values of three tests are presented. The 
value scattering did not exceed  5 %. 
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Fig. 7. Samples of welded steels 12ɏ18ɇ9Ɍ after break tests. (a) TiN (0.02%)+Y2O3 (0.02%)+Ti+Fe; (b) TiN (0.04%) + Y2O3 (0.04%) +Ti+Fe; 
(c) – without nanomodifier. 
Table 2. Mechanical characteristics of welding joints. 
Sample No. 
in Fig. 7 
ıȼ, MPa ı0,2, MPa G, % ȥ, % 
a 593 259.7 60.0 59.02 
b 606.7 265.7 58.0 51.89 
c 510 261 56.0 53.5 
3.4. Aluminum alloys welding. 
Mechanical and structural characteristics of the weld produced by the laser on the aluminum alloy 01420Ɍ were 
studied experimentally. (2.1% Li, 5.5% Mg, 2.9% Zr, 0.3% Fe, 0.3Mn, 0.1% Ti, other Al) Strength and plastic 
characteristics were detected under the conditions of a uniaxial quasi-static tension of flat samples of a “double 
blade” type, the size of the working part being of 1.2u5.5u35 mm. The weld was in the center of the working part 
normally to the sample longitudinal axis. The tests were carried out in a multi-purpose tensile-testing machine 
«Instron-1185», the deformation rate being of 510-4 s-1 (the velocity of a movable clamp motion is 1 mm/minute). It 
was found out that the rupture was either in the weld itself or in the heat-effect zone. The average values of the 
mechanical properties of 10 samples are presented in Table 3.  
Table 3. Mechanical characteristics of the joint of alloy 01420Ɍ. 
State of material V0.2, MPa VB, MPa G, % 
Weld 390r20 490r30 1.7r0,2 
Base metal 340r25 495r40 3.4r0,9 
 
The results of base metal tests under the same conditions are presented herein. It is evident that the conventional 
yield stress V0.2 and temporal rupture strength VB are in both cases indistinguishable within the error limits. However 
the plasticity G of the samples with welds is almost twice lower. Note that the strength properties of the welds fit the 
requirements to the alloy 1420 in the quenched and aged states (V0.2 t 270 MPa, Vȼ t 440 MPa). The required 
plasticity should however be much higher G t 10%, which is not provided even in the base metal. In the case of 
alloy 01420Ɍ (2.1% Li, 5.25% Mg, 0.3 Mn, 0.12% Zr, 0.3% Fe, 0.1% Ti, 0.05Cu, other Al), the high brittleness of 
the studied samples may result from titanium which is absent in the prototype (alloy 1420), and from lithium 
evaporation. 
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The weld structure was studied under the microscope «Neophot-21» at the magnification of u250 and u500. It 
was established that the width of the re-crystallized metal was about 1.75 mm. Insignificant number of pores of d 12 
Pm were found in the base metal. In the weld metal, the pores are much bigger and normally have an ellipsoid 
shape. Maximum pore size is 70 Pm, average size is 28.1r17.5 Pm. The average pore density on the section plane 
was in the weld zone 3.5%. NPI did not impact much the metal weld porosity. To increase the plasticity, we used a 
portable device UZG-1/2.7 for ultrasonic impact processing (UIP) of flat surfaces. The weld was processed with the 
output power of 180 kW. The ultrasonic action did not cause any significant change neither in the yield stress, nor in 
the temporal failure resistance, but the plasticity increased more than 20%. To achieve the strength balance with the 
initial material, the optimum UIP mode should be found on the base of more detailed study of the weld structure, 
static and fatigue properties. 
References 
1. W.M. Steen and J. Mazumder. Laser Material Processing.  Springer, 2010.   
2. W.W. Duley. Laser welding . Toronto and  NY.  J. Wiley & Sons, 1999. 
3. Saburov, V.P., Eremin, ȿ.N., Cherepanov, Ⱥ.N., Minnekhanov, G.N., 2002. Modification of Steels and 
Alloys with Disperse Inoculars / Omsk: Publishing House of OmGTU  (in Russian). 
4. Cao Lamei, A.N. Cherepanov, Tang Xin, Gu Haipeng, Li Ailan, Zhang Yong. Effect of nanopovdered 
refractory compound on the refinement of solidifying structure and properties of  K403 superalloy. Rare 
Metals. (2009), Vol. 28, pp. 1-4, Spec. Issue.  
5. Kuznetsov M.A. and  Zimin E.A. Nanotechnologies and nanomaterials in welding production (review), 
Welding International. (2012),  26 (4), 311-313 (DOI: 10. 1080/ 09507116.2011.606158 ). 
6. A. Cherepanov, V. Manolov, V. Poluboyarov. Grey Iron Properties Modified by Nanopowders of   Ref-
ractory Compounds,  Journal of Materials Science and Technology. (2013), Vol. 21, No3. pp. 161 – 170. 
7. Cherepanov, Ⱥ.N., Afonin, Yu.V., Malikov, Ⱥ.G., Orishich, Ⱥ.Ɇ., 2008. About the application of high-
melting nanopowders in laser processing of metals. In: «Heavy Engineering» 4. pp. 25,26. (in Russian). 
8. Cherepanov, Ⱥ.N., Shapeev, V.P., Modelling of laser welding of flat parts using the modifying nano-
powders, Thermophysical and Aeromechanics. (2013), Vol. 20, No. 2. pp. 237-250 
(DOI:10.1134/So869864313020108).  
9. Afonin, Yu.V., Golyshev, A.P, Ivanchenko, A.I., Malov, A.N., Orishich, A.M., Pechurin, V.A., Filev, V.F., 
Shulyat'ev, V.B.( 2004).  High-quality beam generation in a 8-kW CO2 laser. Quantaum Electron 34, pp. 
307–309. 
 
